Mechanical
interaction between longitudinal and circular axes of the small intestine. Am. J. Physiol. 2 18(3) : 762-768. 1970.-Transmural stimulation elicited contractile responses in the circular axis which consisted of phasic and tonic components. Contraction of the circular axis was accompanied by a relaxation in the longitudinal axis. Stimulus-induced relaxation in the longitudinal axis occurred in preparations devoid of longitudinal muscle and in the presence of nerve-blocking drugs. A decrease in the circumference of the circular axis, due to contraction of circular muscle, produced a length increase in the longitudinal axis. The increase in longitudinal length was proportional to the change in the circumference. Relaxation in the longitudinal axis was a mechanical consequence of circular muscle contraction rather than nervous inhibition of the longitudinal muscle. The phasic component of the circular response had a low stimulus threshold and fatigued rapidly during repetitive stimulation.
The tonic response had a higher threshold and was not easily fatigued. Both components were unchanged in the presence of local anesthetics and depleted Na+ but were reduced in lowered Ca2+ and abolished by depolarization in high concentrations of K+.
intestinal motility; smooth muscle; intestinal reflexes; transmural stimulation; phasic and tonic contractions; effects of ions and local anesthetics on smooth muscle contraction A COMMON METHOD for the study of intestinal motility is to isolate a segment of intestine in an organ chamber and record kymographically changes in tension from circular and longitudinal muscles. It has been suggested (4, 5, 8, 23) Ross and Burst (16) . This system provided up to 500 ma of current across the wall of the gut in a ZOO-ml bath, whereas the maximum for the S4 alone was 235 ma. All preparations were set up in normal Tyrode solution (20) at 37 C and aerated with 95% 02 and 5% COZ. Drugs were made up in Tyrode solution and injected into the bath to the final desired concentration.
In some experiments, K+ concentration was elevated by replacing part of the NaCl with KC1 or K&04 to obtain the final desired concentration of K+.
RESULTS
Responses to transmural stimulation. Transmural stimulation elicited two categories of responses from the cat intestine. The first category consisted of inhibition of spontaneous mechanical activity in both circular and longitudinal recording axes during the stimulation period. This was followed by one or more high-amplitude, phasic contractions in both axes 0.5-1.5 set after the stimulus was terminated (Fig. 1A) to the recorded tension changes from the circular muscle (Fig. 1B) . This agreement between the two techniques for recording the same parameter indicated that the two-component response to repetitive stimulation was a real phenomenon rather than an inherent artifact in the recording system. In the longitudinal axis, tension changes also exhibited a phasic component which fatigued rapidly and a second tonic component which was elicited by increased stimulus pulse duration.
They were essentially identical in configuration to the tension changes which were occurring simultaneously in the circular axis, with the important exception that they were of opposite polarity (Fig. 1B) . Such changes were always correlated with circular activity and were never observed in the absence of a circular response.
Efects of local anesthetics and altered concentrations of Na+, K+, and Ca2+. Nerve-blocking agents and alterations of the ionic composition of the Tyrode solution were utilized to obtain more information as to the nature of the observed tension changes in the circular muscle during transmural stimulation.
The early phasic component and the tonic component were unaltered in the presence of tetrodotoxin (8 X 10V7 g/ml, 4 preparations), procaine ( 10V4 g/ml, 15 preparations), and xylocaine ( low4 g/ml, 6 preparations). Figure  2A illustrates phasic contractions to single 0.5 msec duration stimulus pulses after 35 min in tetrodotoxin (8 X lOa g/ml). In the presence of tetrodotoxin the tension responses were still 180" out of phase; an increase in circular tension was accompanied by a negative change in longitudinal tension. The relationship between the strength and duration of repetitive stimulus pulses that were required to elicit phasic and tonic responses in the presence of tetrodotoxin is shown in Fig. 3 . Chronaxie for the phasic response was 0.6 msec and 1.6 msec for the tonic response. The occurrence of both phasic and tonic components in the presence of procaine (low4 g/ml) is illustrated in Fig. 2 (Fig. 4D ). The amplitude of both components was considerably reduced in Tyrode solution in which all of the CaC12 was replaced by NaCl and which contained 10 mM EDTA. This effect is shown in Fig. 4E-F measure changes in length in the longitudinal axis as a function of radius in the circular axis. In the cat, the longitudinal muscle layer separates readily from the underlying circular layer and is easily removed. Figure 2B illustrates the response to transmural stimulation of a preparation from which the longitudinal muscle had been previously removed and which was in the presence of procaine ( 10m4 g/ml).
The responses of such preparations were indistinguishable from those of intact preparations. Tension change in the longitudinal axis was an inverted image of the circular response. These data indicate that the relaxation in the longitudinal axis is not due to nervous inhibition of longitudinal muscle since the response was unchanged with nervous conduction blocked and no longitudinal muscle present, but rather that the apparent relaxation is a passive elongation as a consequence of circular muscle contraction.
Geometrical relationships between circular and longitudinal axes during muscle contracture. To determine the extent to which a decrease in the radius of the circular axis could produce an increase in the length, the following experiment was done: segments of jejunum were dissected from the animal and maintained at 23-25 C in Oz-gassed Tyrode solution. For each individual experiment, a short segment of intestine with longitudinal muscle intact was placed in Tyrode solution containing epinephrine (4 X 10F7 g/ml) for 1 min. After relaxing the gut in epinephrine, a 3.0-cm-long Plexiglas rod of known diameter was inserted into the lumen so as to control the minimum radius to which the circular muscle could contract. Rods of five different diameters were used : 9.5, 8.0, 6.2, 4.8, and 3.2 mm. The segment of gut containing the intraluminal rod was clamped at both ends in metal spring clips and suspended in a vertical position, under a constant tension of 12 g (weight of the lower clip was 12 g; see Fig. 5 ). The length of the relaxed preparation between the clips was adjusted to 3.5 cm and then the preparation was immersed in a 250 mM solution of KC1 or K&S04 for 1 min. contracture of the circular muscle showed a great increase in length, if the circular was allowed to shorten. If the circular shortening had been prevented by inclusion of a large-diameter rod, the increase in length did not occur. Figure 5 shows the effect of circular muscle contracture on the length of the preparation.
In the illustrated example, a rod with a radius of 3.1 mm was present in the lumen and circular contracture elicited a 58 % increase in the length of the preparation.
The relationship between incremental reductions in the radius to which the circular muscle was allowed to shorten and the length of the gut segment has been plotted in Fig.  6 . The length of the preparation increased in direct proportion to a decrease in radius. The mean difference in length between three contracted segments with an intraluminal rod 4.75 mm in radius and three different contracted segments with a rod of 2.4 mm radius was 26 mm. Figure 6 shows that a Z-fold decrease in the radius was accompanied by an approximate 1.8-fold increase in length.
Relative proportions of longitudinal and circular muscle in intestinal wall. Longitudinal muscle, circular muscle, and the mucosal layer were separated from segments of jejunum and the dry weight of each component was determined. The longitudinal mu scle and serosa comprised 7-8 % of the total dry weight, the circular muscle made up 24-46 %, and the mucosa-submucosa 54-69 % of the dry weight. The relative thickness of longitudinal and circular muscle in stained sections of cat jejunum fixed in 10 % formalin was measured.
In preparations with circular muscle thickness less than 850 ,u, the longitudinal made up 22 % of the total thickness of both muscle layers. where &4 in surface area, r the radius, and I the length of a cylinder.
For a change in radius from rl to r2 at constant surface area The experimental results (Fig. 6 ) approximated what would be predicted on the basis of this assumption. The change in length after contracture of the circular muscle was proportional to the ratio r&-z. The longitudinal muscle comprises a relatively small proportion of the muscularis externa. On the basis of dry weight, the circular was 3-5 times greater than the longitudinal and the thickness of the circular was 3.5-5 times that of the longitudinal.
This suggests that opposing forces presented by the longitudinal muscle to extension are relatively much smaller than the contractile forces exerted by the circular muscle.
Several for Naf (14, 2 1, 22). Yokoyama (25) described phasic and tonic contraction components in rabbit intestinal muscle, both of which were propagated, but only the former obeyed the all-or-none law.
